INTRODUCTION
used a combination of short DNA oligonucleotides (20 nucleotides), each labelled with a 134 single fluorophore, that bind in series on the target mRNA and collectively are detected as a 135 single fluorescent spot 11 (see Methods). Probes for hERG1a and SCN5A mRNAs were 136 designed with spectrally separable labels for simultaneous detection (Quasar 647 and 546 137 respectively; see Methods and Supplementary Fig. S2 for probe validation, and Table S1 for 138 list of probes) 12 . Punctate signal for each mRNA species appeared singly and in clusters ( Fig.   139 1a, b). To evaluate mRNA copy number in each detected signal, we fitted the histogram of 140 the total fluorescence intensity of smFISH signals with the sum of Gaussian functions and 141 determined mean intensity of a single mRNA molecule for each species (Fig. 2b and 142 Supplementary Fig. S3 ). We found that approximately 25% of detected molecules exist 143 singly, whereas about 20% occupy clusters containing 6 or more transcripts (Fig. 2c ). Both 144 transcripts were observed throughout the cytoplasm with higher density within 5-10 μm from 145 the nucleus ( Fig. 2a, d) , consistent with the expected distribution of perinuclear endoplasmic 146 reticulum where these mRNA molecules are translated into proteins. A GAPDH mRNA probe 147 set served as a positive control for smFISH experiments (Stellaris  validated control). In 148 contrast with signals observed for hERG1a and SCN5A transcripts, GAPDH transcript 149 clustered less, with 50% found as single molecules and <5% in clusters of 6 or more 150 transcripts ( Fig. 2c ). Moreover, GAPDH molecules distributed more homogeneously 151 throughout the cytoplasm with higher density in the range of 10 to 20 μm from the nucleus 152 ( Fig. 2d ). We noted similar numbers of hERG1a and SCN5A transcripts per cell but fewer 153 than those for GAPDH ( Fig. 2e ). Thus, numbers and spatial distribution of hERG1a and 154 SCN5A transcripts can be simultaneously resolved. Further work will be required to elucidate 155 the significance or possible physiological role of differently sized mRNA clusters. Although we observed a range in numbers of hERG1a and SCN5A mRNAs among iPSC-159 CMs ( Fig. 2e ), regression analysis revealed clear correlation in their expression levels within 160 a given cell ( Fig. 3 and Supplementary Table S3 ). Plotted against each other, hERG1a and 161 SCN5A mRNA numbers exhibited a coefficient of determination (R 2 ) of 0.57 (P=0.00001; 41 162 cells; Fig. 3a and b) . In contrast, pairwise combinations of hERG1a and RyR2, hERG1a and 163 GAPDH, or SCN5A and GAPDH exhibited much lower linear correlation (R 2 = 0.22, P=0.017; 164 R 2 =0.18, P=0.15; and R 2 =0.33, P=0.000134 respectively; n=26, 13, and 28 cells respectively; 165 Fig. 3c and d, Supplementary Fig. S5 a and b , and Supplementary Table S3 ). Spearman 166 coefficients revealed similar results as Pearson coefficients, where significant correlation is 167 observed only between SCN5A and hERG1a ( Supplementary Table S3 ). These findings To determine potential hERG1a and SCN5A transcript association using smFISH, we 172 measured proximity between the two signals using the centroid position, scored from 173 touching to 67% (1 pixel) overlap ( Fig. 4a and b ). To discern colocalization from random 174 overlap, we calculated the expected number of particles that could associate based on 175 chance only for the different association criteria. Two-tailed t tests with Bonferroni correction 176 revealed association between hERG1a and SCN5A transcripts significantly greater than that 177 expected by chance (see Methods; P values summarized in Supplementary Table S2 ; Fig.   178 4b). Approximately 25% of each transcript population was associated with the other (Fig. 4c ).
179
To test specificity of interaction between hERG1a and SCN5A transcripts, smFISH and 180 pairwise comparisons were also performed with RyR2 and GAPDH transcripts, which 181 revealed no significant association ( Fig. 4d and e; Supplementary Table S2 ). These results
182
show that association of hERG and SCN5A transcripts demonstrated in lysates can also be 183 visualized in iPSC-CMs in situ, and provide strong evidence for the existence of a discrete 184 mRNA complex comprising hERG1a and SCN5A transcripts. To further explore whether colocalized mRNAs were part of a translational complex, we 190 combined smFISH with immunofluorescence using hERG1a antibodies. We observed close 191 association between hERG1a and SCN5A mRNAs and hERG1a protein significantly greater 192 than that expected by chance ( Fig. 5a and b and Supplementary Fig. S6a and b ).
193
Interestingly, among the 16% of actively translated hERG1a mRNAs (i.e. those associated 194 with hERG1a protein), 46% were also associated with SCN5A mRNAs (Fig. 5c ), indicating a 
199
We monitored association of hERG1a protein and transcript in the presence of puromycin,
200
which releases translating ribosomes from mRNAs 13 (Fig. 6a ). We observed no change due 201 to puromycin in the total number of respective mRNAs detected per cell ( Fig. 6b ). As 202 expected, puromycin reduced association between hERG1a mRNA and hERG1a protein 203 (antibody) and the S6 ribosomal protein (Fig. 6c ). In addition, triple colocalization of hERG1a 204 and SCN5A transcripts and either hERG1a protein or the ribosomal subunit S6 was robustly 205 reduced ( Fig 6d) . These findings further support the conclusion that hERG1a and SCN5A 206 associate cotranslationally. 
209
We previously demonstrated that targeted knockdown of either hERG1a or 1b transcripts by 210 specific short hairpin RNA (shRNA) caused a reduction of both transcripts not attributable to 211 off-target effects in iPSC-CMs or in HEK293 cells 9 . To determine whether hERG and SCN5A 212 transcripts are similarly subject to this co-knockdown effect, we evaluated expression levels 213 by performing RT-qPCR experiments in iPSC-CM. We found that hERG1a, hERG1b and 214 SCN5A expression levels were all reduced by about 50% upon hERG1a silencing compared unaffected. We observed similar results using the specific hERG1b shRNA ( Fig. 7a , blue 217 bars). Expressed independently in HEK293 cells, only hERG1a mRNA was affected by the 218 1a shRNA, and only hERG1b was affected by the 1b shRNA ( Fig. 7b ). SCN5A was 219 unaffected by either shRNA, indicating that the knockdown in iPSC-CMs was not due to off-220 target effects and levels of associated hERG1a and SCN5A are quantitatively coregulated.
221
Similar results of approximately 40% co-knockdown of discrete hERG1a and SCN5A mRNA 222 particles were obtained using smFISH ( Supplementary Fig. S7 ). Even more than the total 223 population of mRNA, the number of colocalized particles is decreased by approximately 224 55%, indicating that physically associated transcripts are subjected to co-knockdown ( Supplementary Table S4 ). These results are in accordance to our previous studies reporting 236 a reduction in I Kr density upon hERG1b-specific silencing, and indicate that transcripts 237 targeted by shRNA are those undergoing translation 9,10 . To determine whether hERG1b 238 silencing also affects translationally active SCN5A, we measured peak I Na density in iPSC-
239
CMs and detected significant reduction of about 60% when hERG1b was silenced, compared 240 to control cells ( Fig. 7f , g and h). Peak G max was decreased but no alterations in voltage 241 dependence of activation or inactivation were detected ( Fig. 7h and Supplementary Tables   242   S4 and S5) . Late I Na , measured as the current integral from 50 to 800 ms from the beginning 243 of the pulse 14 , was similarly reduced in magnitude (Fig. 7i , j and k). This analysis indicates 244 that coregulation via co-knockdown results in quantitatively similar alteration of I Na , late and I Kr ,
245
which operate together to regulate repolarization 15 . I to , which does not regulate action 246 potential duration in larger mammals 16 , is unaffected by hERG1b silencing (Fig. 8a 
253
We have demonstrated using diverse and independent approaches the association and 254 coregulation of transcripts encoding ion channels that regulate excitability in cardiomyocytes.
255
By co-immunoprecipitating mRNA transcripts along with their nascent proteins, we have 256 shown that hERG and SCN5A transcripts associate natively in human ventricular 257 myocardium and iPSC-CMs as well as when heterologously expressed in HEK293 cells.
258
Using smFISH together with immunofluorescence in iPSC-CMs, we demonstrate that the 
285
These studies raise questions of the mechanism by which transcripts associate. Although 
316
One of the more curious findings of our study is the coordinate knockdown of different 317 mRNAs in the complex by shRNAs targeted to only one of the mRNA species. The
318
mechanism by which multiple mRNA species may be simultaneously regulated is not clear.
319
shRNAs silence gene expression by producing an antisense (guide) strand that directs the 320 RNA-induced silencing complex (RISC) to cleave, or suppress translation of, the target 321 mRNA 34,35 . Since hERG shRNA has no off-target effect on SCN5A mRNA expressed 322 heterologously in HEK293 cells, we assume there is insufficient complementarity for a direct 323 action. Perhaps by proximity to RISC, translation of the nontargeted mRNA is also disrupted, 324 but to our knowledge no current evidence is available to support this idea. A transcriptional 325 feedback mechanism seems unlikely given that co-knockdown can occur with plasmids 326 transiently expressed from engineered promoters and not integrated into the genome of 327 HEK293 cells. It is also important to note that it is unknown whether SCN5A is the only 328 sodium channel transcript coregulated by hERG knockdown. In principle, transcripts 329 encoding other sodium channels implicated in late I Na , such as Nav1.8 36,37 , could also be 330 affected, as could transcripts encoding auxiliary subunits associated with Nav1.5 38 .
332
Whether disrupting the integrity of these complexes gives rise to some of the many 333 arrhythmias not attributable to mutations in ion channel genes per se remains to be 334 determined. Although the coregulation of inward I Na and outward I Kr shown in this study may 335 suggest a compensatory mechanism, in a previous study we showed that selective 336 knockdown of hERG1b prolongs action potential duration and enhances variability, both 337 cellular markers of proarrhythmia 10 . Perhaps in the absence of co-regulation the effects 338 would be more deleterious. Jalife and colleagues have introduced the concept of the 339 "channelosome," a macromolecular protein complex mediating a physiological action. 
360
Dynamics International) were plated and cultured following manufacturer's instructions.
361
ShRNA sequences specific for hERG1a 5'-GCGCAGCGGCTTGCTCAACTCCACCTCGG-3' 362 and its control 5'-GCACTACCAGAGCTAACTCAGATAGTACT-3' were provided by Origene 363 into a pGFP-V-RS vector. shRNA specific for hERG1b 5'-CCACAACCACCCTGGCTTCAT-3' 364 and its respective control were purchased from Sigma-Aldrich. For heterologous expression, 365 hERG1a (NM_000238) and hERG1b (NM_172057) sequences were cloned into pcDNA3.1.
366
Transient transfections were performed using 2. 
427
FISHQUANT was used as a second method for spot detection and gave similar values.
428
Briefly, background was substracted using a Laplacian of Gaussian (LoG) and spots were fit 429 to a three-dimensional (3D) Gaussian to determine the coordinates of the mRNA molecules.
430
Intensity and width of the 3D Gaussian were thresholded to exclude non-specific signal 11,12 .
431
To evaluate the number of mRNA molecules, the total fluorescence intensity of smFISH 
438
For the purpose of our statistical calculations, we assumed that the protein and mRNA 439 signals were circular. The following formulas were used to calculate the expected number of 440 mRNAs (E m ) that would interact based on chance alone for each association criteria:
where N m1 is the total number of mRNA in one channel, N m2 is the total number of mRNA in 444 the second channel, r is the average radius of mRNA spots (in nm), I is the intersection 445 between particles (nm 2 ), and A is the total area of the region analyzed (in nm 2 ). As the 446 distance between particles is increased, the number of expected associated mRNAs will 447 increase since more mRNAs will be considered associated. We used criteria with different 448 stringency in the first set of experiments (from 1 pixel to 4 pixels distance between spots) and 449 considered the 2 pixels distance between spots physiologically relevant for triple association 450 analysis and co-knockdown experiments.
451
To test the significance of triple associations between hERG1a mRNA, SCN5A mRNA and 452 hERG1a protein, the following formula was used: 
498
Cells were recorded using a holding potential of -50 mV, followed by a pulse at -40 mV to 499 inactivate sodium channels, then 3-second depolarizing steps (from -50 to +30 mV in 10 mV 500 increments) to activate hERG channels and finally to -40 mV for 6 seconds. Steady-state I Kr 501 was measured as the 5 ms average current at the end of the depolarizing steps. Tail currents 502 were measured following the return to -40 mV.
503
To record I Na , cells were perfused with an external solution containing (in mM): NaCl 50,
504
Tetraethylammonium (TEA) methanesulfonate 90, CaCl 2 2, MgCl 2 1, Glucose 10, HEPES 10,
505
Na-pyruvate 1, Nifedipine 10 μM, and pH adjusted to 7.4 with TEA-OH. Micropipettes were 506 filled with an internal solution containing (in mM): NaCl 10, CaCl 2 2, CsCl 135, EGTA 5,
507
HEPES 10, Mg-ATP 5, and pH was adjusted to 7.3 with CsOH.
508
I Na activation was investigated by applying pulses between -140 and +20 mV in 10 mV 509 increments from a holding potential of -120 mV. To measure inactivation of sodium channels, conditioning pulses from -140 to +20 mV in 10 mV increments were applied from a holding 511 potential of -120 mV following by a test pulse to -20 mV.
512
To record I Na,late , cells were perfused with an external solution containing (in mM): 140, CsCl 513 5.4, CaCl 2 1.8, MgCl 2 2, HEPES 5, Nifedipine 10 μM, and pH was adjusted to 7.3 with NaOH.
514
Pipette were filled with an internal solution containing (in mM): NaCl 5, CsCl 133, Mg-ATP 515 2, TEA 20, EGTA 10, HEPES 5, and pH was adjusted to 7.33 with CsOH. I Na,late was 516 measured by applying an 800 ms single pulse to -30 mV from a holding potential of -120 mV.
517
The mean current was measured at the last 200 ms of the pulse. An external solution 518 containing 30 μM TTX was perfused after the first pulse to determine if the current was due 519 to the activity of sodium channels.
520
To record I to , cells were continuously perfused with an external solution containing (in mM): 
549
The source data corresponding to Figures 1b, 2b, 2c, 2d Figure 7: Co-knockdown of I Kr and I Na by hERG transcript-specific shRNA. a, Effects of hERG1a or hERG1b silencing on channel mRNA expression levels detected by RT-qPCR (mean ± 95% CI) in IPSC-CMs. A non-targeting shRNA (scrambled shRNA) is used as a control. b, Effects of specific hERG1a or hERG1b silencing on ion channel mRNAs expressed alone in HEK293 cells. c, Representative family of traces show I Kr in presence of control (upper) or hERG1b shRNA (lower). d, Summary of steady-state current density vs. test potential shows effect of hERG1b shRNA (mean ± SE). e, Effects of 1b shRNA on peak tail current vs. pre-pulse potential (mean ± SE). f, Representative family of traces recorded from iPSC-CMs showing effects of hERG1b-specific shRNA compared to control shRNA on peak I Na . g, Summary current-voltage plot of peak I Na vs. test potential (mean ± SE). h, Summary conductance (G)-voltage plot based on data from g (mean ± SE). i, Late sodium current representative trace in control and 1b shRNA-transfected cells, measured by applying a single pulse protocol of 800 ms. j, Summary statistics of peak I Na showed a decrease upon transfection with hERG1b shRNA (mean ± SE). k, Late I Na measured as the integral from 50 to 800 ms from the beginning of the pulse showed a decrease upon transfection with hERG1b shRNA (mean ± SE). Table S1: List of probes used in smFISH experiments. The probes were designed using StellarisⓇ probe Designer software with the following parameters: 18 to 20 nucleotides oligo length, a masking level of 5, a minimum spacing length of 2 nucleotides and a maximum number of probes of 48. Due to the length of the N-terminal specific sequence for hERG1a mRNA, the number of probes used to detect hERG1a is limited to 35.
Table S2
Table S2: Summary of colocalization analysis perfomed in iPSC-CMs for different association criteria. Comparison of the average number of mRNAs particles observed to be associated and the expected number based on chance alone using centroid positions and different association criteria (from touching to 67% overlap). The significance is tested with a paired t-test Bonferroni's correction. The number of hERG1a and SCN5A mRNAs observed to be associated is significantly above that expected by chance alone for all association criteria tested while no significant differences are observed for hERG1a/RyR2, hERG1a/GAPDH and SCN5A/GAPDH associations. Table S4 : Voltage dependence of activation and inactivation parameters for the sodium channels in cells transfected with a control shRNA or a hERG1b specific shRNA. Parameters were obtained after fitting to a Boltzmann equation activation and inactivation data. 
Fig S7

